In the present study, clopyralid residues in several crops grown in soils contaminated with clopyralid from compost made from animal manure were determined. Two field trials (cabbage and lettuce) and four pot trials (turnip, spinach, broccoli, and komatsuna) were conducted. An efficient extraction and cleanup procedure for analyzing clopyralid from crops followed by LC/MS/MS was developed. The residue levels of clopyralid in crops were from trace to 0.04 mg/kg, which were lower than the maximum residue limits (MRLs) permitted by the food sanitation law in Japan, with the exception of the komatsuna leaf trial.
Introduction
Clopyralid (3,6-dichloro-2-pyridinecarboxylic acid) is a growth regulator herbicide used in lawn, turf, and agricultural crops to suppress broadleaf weeds, such as dandelions, clover, and thistles. 1) Previous studies have reported that clopyralid is not readily degraded in animals and is present at high levels in animal manure that have eaten treated grass hay.
2) In addition, clopyralid remains largely unaffected by the composting process. 3-7) Consequently, fields that are fertilized with compost made from animal manure may be contaminated with clopyralid. In Japan, concerns with clopyralid were first recognized in Nagano prefecture in 2004 when cherry tomato farmers experienced crop damage that was subsequently found to be due to clopyralid in animal manure. 8) Since the use of clopyralid was not permitted in Japan, it is likely that this chemical was brought to Japan as a contaminant in imported forage as livestock feed.
9)
Clopyralid sensitivity has been shown to vary among different species. Studies have revealed that even small amounts of clopyralid can affect sensitive plants in the legume and nightshade families, including tomatoes, peppers, potatoes, peas, beans, clover, alfalfa, and sunflowers.
3) On the other hand, the crucifer and chenopod families, such as broccoli, Chinese cabbage and spinach, are tolerant to clopyralid. 9) Since tolerant crops are not damaged by fertilizer application of clopyralid-containing manure, it is difficult to detect crop contamination. As such, the possibility remains that clopyralid residue exceeds the maximum residue limit (MRL).
In the present study, we first developed an efficient extraction and cleanup method for analyzing clopyralid in crops. Next, we determined the magnitude of residues in several clopyralid tolerant crops grown in contaminated soil fertilized with clopyralidcontaining animal manure.
Materials and Methods

Clopyralid-containing manure
Clopyralid-containing manure was composted at Nagano Animal Industry Experiment Station in 2005. The major components of the manure were cattle excrement and sawdust, and it was later identified that one of the sources of clopyralid was imported hay (timothy) that had been used as livestock feed. Clopyralid concentrations in the manure were analyzed by the contract analysis service of Japan Food Research Laboratories, Osaka branch (LC/MS method, detection limit, 0.05 mg/kg).
Crop cultivation
This study included two field residue trials (cabbage and lettuce) and four pot trials (turnip, spinach, broccoli, and komatsuna [a Japanese mustard spinach]). These crops were cultivated at the Nagano Chushin Agricultural Experiment Station (renamed Nagano Vegetable and Ornamental Crops Experiment Station in 2009). One unapplied and two applied plots were used for each trial. Application levels of clopyralid-containing manure were 3 t/10 a and 6 t/10 a in each trial. Information about the applied plots is given in Table 1 . Harvested crop samples from all trials were shipped to Agricultural Chemicals Inspection Station to determine the residues of clopyralid in crops. The harvested crop samples were shredded in a cutter and then stored in a freezer at Ϫ30°C until preparation of the analysis samples.
grade were purchased from Kanto Chemical Co. Inc. All other reagents used were of the highest grade commercially available. Clopyralid standard was purchased from Dr. Ehrenstorfer GmbH. Stock solution was prepared at 1.0 mg/ml in acetonitrile and standard working solutions of various concentrations were prepared by appropriately diluting acetonitrile. For recovery tests, clopyralid solution was prepared at 0.5 mg/ml in acetone and diluted to 0.05 mg/ml. Thereafter, 2 ml of the diluted solution was added to 10 g of each crop sample.
Sample extraction and cleanup
Approximately 10 g of the shredded sample was weighed and homogenized in a cup homogenizer using 1 ml of 1 M NaOH and 100 ml methanol for 5 min at 5000 rpm. Next, the homogenized solution was passed through a glass fiber filter (Kiriyama GFP 60 j) to collect the filtrate. Then, 100 ml methanol was added to the pellet and homogenized in a cup homogenizer for 5 min at 5000 rpm. The homogenized solution was also passed through a glass fiber filter and each filtrate was mixed and concentrated in a rotary evaporator to remove the methanol. The concentrated solution was passed through a preconditioned (5 ml methanol, 5 ml distilled water) Oasis ® HLB cartridge (Waters, 6 cc/200 mg, 30 mm). The vessel was washed twice with 5 ml methanol-0.01 M NaOH (5 : 5, v/v), and the washings were also passed through the cartridge. The solution was concentrated in a rotary evaporator to remove the methanol.
Then, 3 ml of 1 M HCl was added to the concentrated solution and the solution was applied to a preconditioned (5 ml acetonitrile, 5 ml of 0.1 M HCl) Oasis ® HLB cartridge (Waters, 6 cc/200 mg, 30 mm). The vessel was twice washed with 5 ml of 0.1 M HCl and the washings were also applied to the cartridge. The cartridge was washed using the following reagents: 5 ml acetonitrile-0.1 M HCl (1 : 9, v/v) and 5 ml distilled water. Then, it was eluted with 2 ml (3 ml for broccoli curd) of acetonitrile-0.0025% ammonia (1 : 9, v/v). The eluate was diluted to 5 ml with acetonitrile-0.1% formic acid (1 : 9, v/v) and the solution was passed through a 0.45 mm PTFE filter for liquid chromatography-tandem mass spectrometry (LC/MS/MS) analysis.
LC/MS/MS analysis of clopyralid
LC/MS/MS analyses of clopyralid were carried out using a Micromass Quattro Micro (Waters) equipped with an HPLC system (Waters, 2695 HPLC system). Chromatographic separation was performed using an Atlantis dC18 column (Waters, 150ϫ2.1 mm i.d., 3 mm) with a guard column with the same packing as the column (Waters, 20ϫ2.1 mm i.d., 3 mm). LC was carried out using a binary gradient mobile phase of acetonitrile and 0.1% formic acid. The 5 ml samples were injected onto the column at a flow rate of 0.2 ml/min. Analyte ionization was performed using electrospray ionization in the negative ion mode. The LC/MS/MS conditions are shown in Table 2 . Quantitative analysis was carried out by an absolute calibration method in peak areas. The recovery results were defined as the means of three replications of each treatment and the residue results were the means of two replications of each treatment. All data were analyzed using simple descriptive statistics such as the means and standard deviations, using Microsoft Excel version 2002 for Windows.
Results and Discussion
Sample extraction and cleanup
The Ministry of Health, Labour and Welfare (MHLW) has published an official analysis method for clopyralid. 10) This method uses an acetone-water extraction process under acidic conditions in the extraction step; however, we could not obtain satisfactory recovery results using this method. The recovery of clopyralid was improved by using a methanol-water extraction method under basic conditions.
11)
When the filtrate of homogenized solution was concentrated to remove methanol, some water-insoluble materials were deposited in it. These materials decreased the recovery of clopyralid. This problem was overcome by using an Oasis ® HLB cartridge as the filter element to remove all deposited materials. For all samples, the sufficient elute volume was 2 ml in the final step of the sample extraction procedure; however, in the case of broccoli curd, the sufficient elute volume was 3 ml to elute all absorbed clopyralid from the Oasis ® HLB cartridge. Table 3 provides details of clopyralid recovery at 0.01 mg/kg levels in six crops. The recoveries of all analytes were above 80% with a range of relative standard deviation (RSD) between 2-17%. These recoveries and RSDs were good for all crops, and were within Japanese guidelines (70-120%, Յ20%) from the Ministry of Agriculture, Forestry and Fisheries (MAFF). 12) On the basis of these results, the limits of quantification (LOQ) for clopyralid were determined as 0.01 mg/kg for all tested sample materials.
Recovery tests
Residue in clops
The proposed methodology was applied to determine clopyralid residues in crops. The results indicated that clopyralid residues were not detected in the edible parts of cabbage and lettuce. On the other hand, residues were detected in the edible parts of turnip, spinach, broccoli, and komatsuna. With regard to turnip, spinach, and komatsuna leaf, clopyralid residues were detected even at a low application level (3 t/10 a). Table 4 provides a summary of the analytical results. The cultivation period of cabbage, lettuce, and broccoli is longer than the other tested crops. The potential mobility of clopyralid in soil with water is extremely high, 13) and it is expected that clopyralid in plowed soil could be easily diffused by watering or rain. It was thought that a longer cultivation period would lower the risk of clopyralid residue in crops. In 2006, the MHLW of Japan implemented the positive list system for agricultural chemicals remaining in foods.
14) At the same time, under this system, a uniform limit was set at 0.01 mg/kg, and it is applied to commodities for which draft MRLs are not given. MRLs for clopyralid were set for certain crops under the food sanitation law in Japan. 15) Among the tested crops, cabbage, turnip, spinach, and broccoli have an MRL value for clopyralid. Thus, lettuce and komatsuna do not have a draft MRL value for clopyralid and, as such, the uniform limit was applied to these two crops. The uniform limit is generally much lower than the MRLs of clopyralid, increasing the possibility that the residual values of clopyralid will be over the uniform limit value. In the present study, the clopyralid residue in komatsuna leaf was found to be over the uniform limit value. Vol. 35, No. 4, 479-482 (2010) Residues of clopyralid in crops 481 In conclusion, we have established an efficient method for analyzing clopyralid by LC/MS/MS. This procedure was useful for determining the amount of clopyralid that remained in various crops (cabbage, lettuce, turnip, spinach, broccoli, and komatsuna). It thought that residues in excess of the MRLs owing to fertilizer application of clopyralid-containing manure are expected to occur at extremely low levels; however, it should be noted that crops which do not have a draft MRL value for clopyralid could be cultivated in clopyralid-contaminated soil. 
